ABSTRACT: Carbon nanotube porins (CNTPs), small segments of carbon nanotubes capable of forming defined pores in lipid membranes, are important future components for bionanoelectronic devices as they could provide a robust analog of biological membrane channels. In order to control the incorporation of these CNT channels into lipid bilayers, it is important to understand the structure of the CNTPs before and after insertion into the lipid bilayer as well as the impact of such insertion on the bilayer structure. Here we employed a noninvasive in situ probe, small-angle X-ray scattering, to study the integration of CNT porins into dioleoylphosphatidylcholine bilayers. Our results show that CNTPs in solution are stabilized by a monolayer of lipid molecules wrapped around their outer surface. We also demonstrate that insertion of CNTPs into the lipid bilayer results in decreased bilayer thickness with the magnitude of this effect increasing with the concentration of CNTPs. KEYWORDS: Phospholipid, small-angle X-ray scattering (SAXS), carbon nanotube, porins T he unique physical, chemical, electrical, and mechanical properties of carbon nanotubes (CNTs) make them an exciting material for numerous technological applications, including biomedical and bionanoelectronic devices.
T he unique physical, chemical, electrical, and mechanical properties of carbon nanotubes (CNTs) make them an exciting material for numerous technological applications, including biomedical and bionanoelectronic devices. 1−17 One interesting application, demonstrated recently, is using short (∼10 nm long) segments of carbon nanotubes, functionalized with lipid moieties (CNT porins, or CNTPs), as analogs of biological membrane channels. These CNTPs can selfincorporate into lipid bilayers of large unilamellar vesicles (LUVs) to form hybrid structures (CNTP−LUVs), Figure 1a , in which the CNTPs form defined biomimetic pores in the bilayer and enable highly efficient transport of ions and molecules. 18, 19 The significant potential of CNTs for biomedical and bionanoelectronic applications 20 has motivated researchers to explore their interactions with cellular membranes and their artificial mimics, and understanding the structure of the membrane−CNT assemblies and the mechanism of membrane interactions is critical for these efforts. Researchers have conducted significant work regarding CNT interactions with cell membranes; however, most of the reported work is centered on exploring interactions of longer CNTs with membranes, and more specifically, on their ability to penetrate the membrane and internalize into the cell. Different mechanisms have emerged for internalization of CNTs into cell membranes, which include (1) physical penetration of the CNTs into the bilayer membrane, and (2) CNT entry into the cells via energy-dependent endocytosis; 12,21−25 however, the interactions of short CNTPs with lipid membranes are clearly different from those of the long CNTs. CNTPs do not internalize into the membrane and instead stay in the lipid bilayer to produce pores. 26−28 Thus, it is likely that none of the proposed internalization mechanisms are relevant to CNT porins, and to date key questions, such as the atomic level structure of the CNTPs and the mechanism and nature of their interactions with the membrane, remain unanswered.
We hypothesize that the conformation and arrangement of lipid monomers on the surface of the CNT play an important role during CNTP formation by enabling better solubilization 29−36 which allows for enhanced CNT fragmentation. Currently, three kinds of morphology models have been proposed for lipid or surfactant adsorption on the nanotube surfaces: the CNTs are (1) encapsulated within cylindrical micelles, (2) covered with hemispherical micelles, or (3) coated with randomly adsorbed lipid molecules. 37−40 In order to produce desired biological functionality, the integrity of the lipid membranes must be preserved upon CNT insertion; however, the impact of CNT insertion on the structural integrity of lipid membranes remains unclear. Theoretical simulations have produced conflicting results regarding the structure of the membrane following CNT insertion, which include differences in the degree of order among the lipid monomers and the extent of induced bilayer deformation (e.g., swelling versus thinning). The discrepancies between simulations arise in part due to the systems of study including a wide range of CNT sizes, diameters, and functionalizations. 41−46 Experimental efforts to examine the structural formation and evolution have been complicated by the challenges of performing in situ structural characterization with nanometerto micron-scale resolution under the aqueous environments required for lipid bilayers. For example, the inherently heterogeneous nature of a CNT porin sample makes it challenging for traditional in situ atomic level biological imaging techniques, such as cryo-TEM.
These challenges highlight the need for additional in situ techniques that provide the capabilities for robust high resolution structural characterization of the CNTPs and the CNTP−LUVs. Here, we use in situ small-angle X-ray scattering (SAXS) to address this need. The in situ SAXS data yields important insight into the structure and morphology of the CNT−lipid complex and the structural response of lipid vesicles to insertion of these surface coated CNTPs to create the CNT−LUVs. In particular, our data indicate that CNTPs have a distinct structure where the CNT surface is covered with a monolayer of the lipid molecules. Upon the insertion of the CNTPs in the lipid bilayer, the monolayer signature disappears and then subsequently the bilayer thickness decreases systematically with increasing concentration of CNTPs.
SAXS profiles (I(q) versus (q), Figure 1b ) of the CNTPs and CNTP−LUVs show several distinct features. In the low q-range up to q = 0.7 Å −1 , the SAXS profile of the pure dioleoylphosphatidylcholine (DOPC) vesicles (DOPC−LUV, Figure 1b , cyan) exhibits three scattering lobes, which are characteristic of the scattering form factor associated with the lipid bilayer in free vesicles.
47−51 A quasi-Bragg diffraction peak at q ∼ 0.1 Å −1 and its second-order peak at q ∼ 0.2 Å −1 are observed on the first lobe, which arise due to the formation of multibilayer structures. Unilamellar vesicles of zwitterionic lipids, such as DOPC, can aggregate in aqueous environments, which leads to an increasing possibility of multilamellar (MLV) vesicle formation during the time period (12−24 h) between sample preparation and SAXS data collection. 51 In the extended high-q range from q ∼ 0.7 to 1.7 Å −1 , a broad diffraction peak,
, is observed, which is commonly attributed to the collective arrangement of the hydrocarbon chains within the lipid layer. The packing order of lipid tails is characterized by the width of the peak, while the correlation length between lipid tails can be estimated from the position of the peak q CH−CH , which is defined as d CH−CH = 2π/ q CH−CH . 52−54 In contrast, SAXS profile of the CNTP complex solution (CNTP, black) displays significantly different features with respect to the lipid bilayer structure found in pure DOPC vesicles. The increase in the scattering profile in the low q region (up to 0.07 Å ) is due to scattering signals from the cut CNTs that have a small aspect ratio 39,55−58 Significantly, only one scattering lobe, centered at q = 0.16 Å , which is associated with lipid structures adsorbed on the surface of CNTs and which contrasts with the three-lobe form factor of lipid bilayer structures observed for pure DOPC liposomes. This feature suggests that the structure of the DOPC on the surface of the CNTs within the CNTP complex is distinct from the structure of the lipid bilayer within the pure vesicles. Coarse-grained molecular dynamics simulations indicate that a close structural analogue of DOPC (dipalmitoylphosphatidylcholine, DPPC) will encapsulate a CNT within a cylindrical micelle, provided the phospholipid is present at sufficient concentration. 59 As such, we hypothesize that a comparable arrangement of DOPC molecules on CNTs provides a valuable model structure for evaluating the SAXS profile of the CNTP solution. In this model, the DOPC molecules form a monolayer on the CNTs, in which the hydrophobic tails of the lipid are adsorbed on the surface of the CNT and the hydrophilic head groups are oriented toward the aqueous phase. Such a structure protects the hydrophobic core of DOPC and CNT surface from exposure to water, while keeping the hydrophilic head groups in contact with the solution, thereby promoting solubility and mitigating CNT agglomeration.
To validate our hypothesis on the structure of CNTP, the precursor to form a CNTP−LUV, we derive structural parameters for the proposed DOPC coating of the CNTs by using a core−shell−shell model to fit the low-q region of the respective CNTP SAXS profile. 60 In this model, the carbon hollow core of the CNT with an X-ray scattering length density of 12.98 × 10 10 cm −2 is wrapped by an inner and an outer shell with X-ray scattering length densities of 7.64 × 10 10 and 12.25 × 10 10 cm −2
, respectively. These two shells correspond to the lipid tails and the headgroup of the lipid molecules. The standard X-ray scattering length density of the water solvent is 9.42 × 10 10 cm −2 . The best-fit results, as shown in Figure 2a and Table 1 , correspond to a total thickness of 25.6 Å for the lipid layer in the CNTPs, which is much smaller than that of the DOPC lipid bilayer (see the discussion further in the text), but close to the thickness of a pure lipid monolayer film, supported on a flat substrate (∼22.0 Å). 61 Our in situ SAXS experiments, therefore, support the model of a monolayer of DOPC lipid moieties wrapping on the surface of CNTs, rather than the formation of a bilayer comparable with the structure observed for pure vesicles. This continuous monolayer arrangement of DOPC molecules on CNTs in aqueous solution is inconsistent with other structures proposed for the CNT−lipid complex, such as the hemimicelle striations of lipid moieties observed on single-walled CNTs in vacuo. 59, 62 Moreover, the presence of a characteristic diffraction peak at the extended high-q region (Figure 1b) suggests a relatively ordered packing of DOPC molecules within the monolayer, as opposed to a random adsorption. Significantly, this diffraction peak is much broader and slightly shifts to higher q (HWHM = 0.31 ± 0.05 Å −1 at q max = 1.44 ± 0.01 Å ) with respect to the pure DOPC vesicles (HWHM = 0.18 ± 0.003 Å −1 at q max = 1.40 ± 0.002 Å −1 ). These characteristics suggest a shorter correlating length between lipid hydrocarbon tails and lessordered arrangement of DOPC lipid molecules, potentially arising due to the higher radius of curvature of the CNTs (∼1.5 nm), compared to the nominal diameter (∼100 nm) of lipid vesicles. Note that X-ray scattering from CNTs with an average diameter of 1.5 nm would induce a feature centered at q ∼ 0.42 Å −1 in the SAXS profile. However, the low concentration of CNTs in the complex solution of CNTPs makes it difficult to distinguish this feature from the background.
In situ SAXS allows for tracking structural changes of DOPC−LUVs upon incorporation of CNTPs (Figure 1b , CNTP−LUV trace, red). The presence of CNTP manifests as an intensity enhancement, observed in very low q-region, which is otherwise absent in SAXS profile of pure DOPC−LUV. Note that this intensity enhancement effect increases with the concentration of CNTP in the mixture (see discussion further in the text). Insertion of CNTP into DOPC−LUV results in SAXS profiles that exhibit only three lobes in the low q-region (q ≤ 0.7 Å −1 ) arising from the form factor of the lipid bilayer, with no evidence of the quasi-Bragg diffraction peaks associated with MLV formation. Thus, the SAXS profiles of the CNTP− LUVs have the characteristics of lipid bilayers in unilamellar vesicles (ULV), which is in contrast to the multilamellar structure of pure DOPC vesicles. 50, 51, 63, 64 Adding a small amount of charged lipids, such as DOPG, to a solution of neutral DOPC lipids has proven to be an effective approach that leads to the high-yield production of ULVs, because electrostatic repulsion often prevents formation of MLVs. 51 The presence of −COOH functional groups at the pore rim may also induce negative charges to CNTPs. 65 Thus, we propose that an increase in CNTP concentration within the CNTP−LUVs is accompanied by an increase in the negative charge of the bilayer surface, thereby preventing the formation of multilamellar liposomes.
Significantly, there is a systematic shift of low-q scattering lobes to higher q, observed for the CNTP−LUVs with respect to the pure DOPC vesicles, which is indicative for a bilayer thinning upon CNTP insertion into the liposomes. A similar bilayer thinning effect has been observed by using SAXS for unilamellar vesicles of a phospholipid 1,2-myristoyl-sn-glycero-3-phosphocholine (DMPC) membranes upon insertion of gramicidin. 66 In order to demonstrate that the thinning effect of lipid bilayer is exclusively due to the insertion of CNTPs, and indeed the formation of CNTP−LUVs, we examined a series of CNTP−LUVs with increasing concentration of CNTPs in the mixtures with pure DOPC−LUV (Figure 2a) . The data show a systematic shift of low-q scattering lobes to higher q for the CNTP−LUVs with increasing concentration of CNTPs, indicating a more pronounced thinning effect.
For more quantitative information on the thinning effect of lipid bilayer upon insertion of CNTPs, we fit the low q region of the respective SAXS data of CNTP−LUVs using a symmetric model of bilayer in unilamellar vesicle (Figure 2a) . Structural parameters of the lipid bilayer in the pure DOPC− LUV were also derived for comparison by using a model of multilamellar lipid vesicles in the Lα (liquid) phase with a structure factor described by the modified Caillétheory. 67 A bilayer thickness of 36.5 Å, taken as the distance between the head groups of the lipid bilayer, shown as d H−H in the SAXS- derived electron density profiles (Figure 2b ), obtained for pure DOPC−LUV vesicles, is in good agreement with the literature values. 49 Following exposure to the highest concentration of the CNTP complex, the bilayer thickness, d H−H , decreases to 33.0 Å. A significant feature of the SAXS modeling is that the fit quality exhibits increasing deviation (larger fitting residuals) from the experimental SAXS data as a function of the CNTP complex concentration. We attribute this behavior to the increased disorder induced in the bilayer upon increasing number of CNTPs inserted into DOPC−LUV.
Although our experimental arrangement does not enable measurements of the ultralow q-range (i.e., <0.025 Å −1 ) required for sensitivity to the dimension of the long CNT axis, there is a clear signal enhancement in the region immediately above the 0.025 Å −1 threshold with increasing concentration of CNTPs insertion. Following addition of a CNT−LUV sample containing approximately three CNTPs per liposome (1× conc), no appreciable scattering signal from CNTs is observed in the low q-region; nonetheless, an increase in scattering below q ∼ 0.3 Å −1 is observed following addition of a 3× concentrated sample (∼9 CNTPs per liposome) (Figure 1b) , which resembles the scattering profile of CNTPcomplex in the low q-region. The increasing number of inserted CNTPs into the bilayer may also lead to increasing disorder of the lipid molecules in the vicinity of CNTs. 68 This feature of the CNTP−LUV structure would be consistent with the broadening of the low-q lobes in the SAXS profile (Figure 2a) , and consequently, a broader distribution of the lipid head groups and lipid tails observed for the 3x concentrated CNTP− LUV sample (Figure 2b) . Interestingly, while the bilayer thinning effects are noticeable and indicate important changes in the bilayer structure, the formation of the CNT−porins within the CNTP−LUV structures does not create any significant change in the ordering of the lipid hydrocarbon chains: negligible changes are observed in the diffraction peaks within the extended high-q region, which are associated with the packing order and correlation length of the lipid hydrocarbon tails (Figure 1b) .
We can speculate about several possible reasons for the observed bilayer thinning upon CNT insertion. This effect could be caused by the rearrangement of the lipid molecules due to hydrophobic matching with the CNT walls, comparable with the behavior reported for interactions between gramicidin (that forms a small transmembrane channel) and DMPC. 66 Another possibility would be that the CNT insertion induces additional local tilt to the lipid molecules, which manifests itself as the overall bilayer thinning. This suggestion agrees with the cryo-TEM observation of the ∼15°tilt of the CNTPs in the lipid membranes. 19 We also note that this hypothesis of the local lipid molecule tilt induced by the CNTPs also agrees with the broadening of the peaks seen in the SAXS data on the Figure 2 . Further atomistic-level modeling of the CNTP−lipid interactions should clarify the exact molecular origins of this effect.
■ CONCLUSIONS
We have employed in situ SAXS to identify structural changes in lipid bilayers upon CNTP insertion. The SAXS data reveal that the CNTP are composed of CNTs wrapped by a monolayer of the DOPC lipids. The hydrocarbon tails of the lipids within this monolayer structure are much more disordered and have a shorter correlation length relative to the normal lipid bilayer configuration, presumably due to curvature effects associated with the smaller diameter of CNTs. The presence of charged CNTPs within the lipid bilayer of DOPC liposomes results in the formation of exclusively unilamellar vesicles, which exhibit a thinner bilayer structure than pure DOPC vesicles. The bilayer thinning effect increases as a function of the CNT−lipid complex concentration; however, formation of the CNT−porins does not affect the arrangement of lipid hydrocarbon tails within the lipid bilayer. These findings provide information about the CNTP configuration in solution and in the lipid bilayer environment that has been inaccessible to prior in situ studies. This information sets bounds for advanced modeling and should be important for understanding the processes of CNTP insertion into the membrane, as well as for optimizing the future application of these biomimetic nanopores. The future implementation of in situ SAXS for the study of CNTP systems also holds significant promise for characterizing structural changes that could affect their ability to act as transport channels, for example, SAXS measurements of CNTP−LUVs with higher CNT concentrations should yield greater insight into the perturbations that accompany insertion and allow identification of any upper threshold in concentration at which the CNTs agglomerate within the vesicles.
■ METHODS
Synthesis and Purification of Ultrashort CNTs. 1,2-dioleoyl-sn-glycero-3-phosphocholine lipid (DOPC) used in this study was sourced from Avanti Polar Lipids and 1.5 nm averaged diameter CNTs were sourced from Nano-Lab Inc. For a typical short CNT preparation procedure, 2 mL lipid suspension (10 mg/mL DOPC in chloroform) was added to a 20 mL glass vial and the solvent was evaporated using a steady stream of argon gas or air to form a lipid film on the walls of the glass vial; it was further dried in a desiccator overnight to remove trace solvent residue. After complete drying, 1.6 mg of CNTs, purified using a thermogravimetric (TGA) analysis system, and 20 mL Milli-Q water were added to the lipidcontaining vial. The CNT/lipid mixture was first bath-sonicated for 1 h (Emerson Electric Co., Model Branson 1510) to disperse the CNTs in solution, followed by probe-tip sonication (QSonica 700W) at 203 W power for 16 h. The sonication program was set to run in 3 s pulses with a 1 s pause between each pulse. To purify the shortened CNTs from the uncut CNTs, the sonication-processed solution was transferred to a 15 mL conical centrifuge tube and centrifuged at 10 000 rpm for 1 h. The light-gray colored supernatant containing shortened CNTPs was extracted after centrifugation and stored at 4°C for further use.
Liposome and CNT−LUV Preparation. Liposomes were prepared using DOPC (Avanti Polar Lipids). The lipids dissolved in chloroform were aliquoted into glass vials and the solvent was evaporated under a stream of argon gas or air and further dried overnight in a vacuum desiccator chamber to form a dried lipid film. This film was hydrated with 1 mL of Milli-Q water to obtain a final lipid concentration of 15 mg/mL and bath-sonicated for 3−5 s to help completely peel off the lipid film that was dried onto the glass vial. This solution was hydrated at room temperature for 30 min. To ensure formation of unilamellar liposomes, the samples underwent a freeze−thaw treatment where the liposomes were flash-frozen in liquid nitrogen and subsequently thawed at 50°C for 10 cycles. Liposomes were then extruded 20 times through a polycar-bonate membrane using a mini-extruder (Avanti Polar Lipids) to yield 100 nm diameter LUVs.
To form CNTP−LUVs, we first dried 1 mL of the CNTP solution overnight in vacuum desiccator to remove the solvent. The dried CNTPs were hydrated with 1 mL of water and bath sonicated for 3−5 s to ensure the complex is completely solubilized and detached from the glass vial. This CNTP solution was then used to hydrate a dried lipid film to obtain a final lipid concentration of 15 mg/mL and bath sonicated again for 5−10 s. These CNT−liposomes (CNTP−LUVs) underwent 10 cycles of freeze−thaw treatment as described in the previous section and were then extruded through a polycarbonate filter using a mini-extruder (Avanti Polar Lipids) to produce 100 nm diameter structures.
Samples of CNTP−LUV with higher concentration of CNTPs were prepared in the same manner using 2 mL (2×) and 3 mL (3×) of the CNTP solution, respectively. We note that due to the necessity to transport the samples from our laboratory to the beamline, significant time (12−24 h) usually passed between the sample preparation and data collection.
SAXS Measurements. SAXS experiments were performed at the Bio-SAXS beamline 4-2 of the Stanford Synchrotron Radiation Lightsource (SSRL) using a slit-collimated monochromatic X-ray beam with a beam size of 0.2 × 0.2 mm (fwhm) and an X-ray energy of 11 keV. Solution samples of pure liposomes (LUV), CNT−lipid complexes (CNTPs,) and CNTP−LUVs in water (with a typical volume of 30 μL each) were handled by a sample changer system 69 that enables automated sample loading from individual sample microtubes on a temperature-controlled sample rack, including sample injection by a syringe needle into an open-end quartz capillary (10 μm thick walls, 1.5 mm diameter) set vertically in-line of the X-ray beam, and subsequent sample unloading after the SAXS measurements are complete. The needle and capillary were thoroughly flushed and cleaned of irradiated sample by using pure water and different cleaning solutions and dried by compressed air after each sample measurement to avoid crosscontamination. During exposure to the X-ray beam, the sample changing system is used for vertical oscillation of the aqueous samples at a typical rate of 1 μL/sec in order to limit the effects of radiation damage. The SAXS data were collected using a Rayonix MX225-HE CCD detector (pixel size, 73.2 m) at a sample-to-detector distance of 0.55 and 1.1 m (covering the scattering vector range of 0.025−1.7 and 0.01−0.75 Å
−1
). Each sample was exposed 50 times to the X-ray beam for 2 s to record 2D SAXS powder patterns. These powder patterns were processed with the SasTool program 70 in batch mode to radially integrate the intensity and generate averaged onedimensional intensity (I) versus scattering vector (q) profiles. To account for background scattering from the capillary and water buffer, the scattering intensity from a pure water standard was subtracted from the scattering intensity from each sample solution, ensuring that the volume of the sample and standard were identical.
Fitting of the low-q region of SAXS profiles for the CNTPs was achieved using a core−shell−shell model within the Irena package. 60 In this model, the carbon hollow core of the CNT with an averaged diameter of ∼1.5 nm 18, 19 and an X-ray scattering length density of 12.98 × 10 10 cm −2 is wrapped by an inner and an outer shell with X-ray scattering length densities of 7.64 × 10 10 and 12.25 × 10 10 cm −2
, respectively. These two shells represent the lipid tails and the head groups of the lipid molecules, respectively. The standard X-ray scattering length density of the water solvent is 9.42 × 10 10 cm −2 . A Gaussian distribution was used to account for the polydispersity of CNT diameter. The thickness of the lipid layer on the surface of CNTs is measured by the total thickness of these two shells, derived from the best-fit results.
Fitting of the low q-regions of the SAXS data for the CNTP− LUVs and DOPC−LUV was carried out using the Global Analysis Program (GAP). 68 A symmetric model of a lipid bilayer in unilamellar vesicle was used for CNTP−LUVs, while a model of multilamellar lipid vesicles in the Lα (liquid) phase with a structure factor described by the modified Caillétheory was used for DOPC−LUV. 67 The electron density profiles were constructed from the best-fit results of the SAXS data and the respective bilayer thickness were calculated as the distance between the head groups of the lipid bilayer (Figure 2 ).
